The nematode Caenorhabditis elegans is a widely adopted model organism for studying various neurobiological processes at the molecular and cellular level in vivo. With a small, flexible, and continuously moving body, the manipulation of C. elegans becomes a challenging task. In this review, we highlight recent advances in microfluidic technologies for the manipulation of C. elegans. These new family of microfluidic chips are capable of handling single or populations of worms in a high-throughput fashion and accurately controlling their microenvironment. So far, they have been successfully used to study neural circuits and behavior, to perform large-scale phetotyping and morphology-based screens as well as to understand axon regeneration after injury. We envision that microfluidic chips can further be used to study different aspects of the C. elegans nervous system, extending from fundamental understanding of behavioral dynamics to more complicated biological processes such as neural aging and learning and memory. 
Introduction
For the past 30 years, Caenorhabditis elegans has been extensively used by scientists as a genetic model to address fundamental neurobiological questions because of its versatility in behavior, simple nervous system, short life cycle, and availability of powerful genetic tools [1, 2] . With the appropriate transgenic manipulations, the nervous system of the worm is readily accessible for fluorescence imaging, thus permitting phenotyping and visual screening as well as precise targeting and ablation of axons. These ideal and unique properties of the worms, however, are difficult to be exploited using the conventional, time-consuming manual methods.
Microfluidics has recently emerged as a new tool for precise manipulations of C. elegans and their environment for neurobiological studies. This technology opened up a new range of experimental possibilities ranging from precise delivery of chemicals and environmental stimuli for behavioral studies to nerve regeneration, to calcium imaging of neuron activities, and to high-throughput genetic screenings for neural development studies. Together, C. elegans as a model organism, and microfluidic devices, provide a powerful combination to investigate today's many challenges in neurobiology.
Several unique properties of microfluidics make them ideal for their applications in C. elegans: first, the availability of simple and cheap microfabrication techniques since the revolution that soft lithography brought to microfabrication [3, 4] ; second, the use of transparent materials such as glass or poly-dimethyl-siloxane (PDMS), allowing transmission of light for optical imaging and manipulation; third, the ability to manipulate small amounts of liquid in small dimensions on the order of 10's to 100's of microns, providing precise and fast manipulation of small size C. elegans that can live in liquid media and reducing the use of chemicals and drugs to small amounts; fourth, the scalability to handle a large population of worms either in parallel or in series in highthroughput fashion; and fifth, the possibility to interface with available robotic handling technologies that use microtiter plates, thus enabling the screening of a large collection of RNAi libraries and chemical compounds in a rapid, automatic, and parallel fashion.
Thanks to these unique properties, several microfluidic devices have recently been developed for C. elegans, specifically for their precise immobilization ( Figure 1 ) and for the control of their microenvironment. This review will illustrate the possibilities offered by microfluidic devices used on C. elegans in four classes of applications in neurobiology: behavior, phenotyping, functional imaging, and regeneration (following injury).
Microfluidics for behavioral studies
Because of the many advantages C. elegans has over larger model organisms (transparent body, stereotypical nervous system, availability of mutants, and transgenic strains), many advancements have been made in behavioral neurogenetics over the years ( [2, [5] [6] [7] [8] ). The experimental platforms for performing behavior assays have not changed substantially since the conception of the field. One example is in standard chemotaxis experiments, where odors are delivered either passively by diffusion of the odor molecules from a droplet source on plates, or by a needle spritzer in solution. These techniques pose serious challenges in precisely controlling the shapes of the chemical concentration field or gradients and the timing of the delivery of chemicals without perturbing the animals in some other ways.
Microfluidics offer technical solutions to some of these challenges. Because microfluidic devices made with PDMS are transparent and practically nonfluorescent, different modes of microscopy (e.g. bright field and fluorescence) can be easily performed on animals inside the chips, and behaviors of animals can also be easily recorded. Additionally, microscale flow in microfluidic chips behaves interestingly; laminar flow is virtually guaranteed and mass transport is fast because the length scale materials have to diffuse through is small. These properties can be taken advantage of to create controlled environments for delivering odor or creating gradients (spatial or temporal). For example, Zhang et al. [9] uses directional diffusion to deliver (different) odors from multiple bacterial lawns to worms in a maze and studies learning behavior [9] . Gray et al. created an oxygen gradient in <1 min for populations of worms to study aerotaxis (hyperoxia and hypoxia avoidance) behavior [10] . In a different example, Lockery et al. [11] and Park et al. [12] used micropillars to create artificial soil to allow C. elegans crawl while immersed in liquid, which potentially enables a set of behavioral experiments that were originally difficult to perform because in liquid C. elegans tends to swim with inefficient motility rather than crawl. Park et al. [13] and Doll et al. [14] also took advantage of microfabrication to create small force sensors suitable for measuring mechanical properties and forces generated by worms when locomoting. In three other elegant methods for isolating worms into droplets/small wells and delivering chemicals, simple microscale manipulations also enable worms to be observed in a massively parallel fashion [15] [16] [17] .
Microfluidics for phenotyping and morphology-based screens
In neural development and cell biology studies, morphologies of cells and subcellular structures such as synapses or organelles are often important phenotypes of interest. Fluorescence microscopy is the workhorse of modern cell biology and is the most prevalent method for phenotyping; additionally, a large number of genetic screens are based on fluorescent morphologies. However, most of the microscopy today is still performed with worms manually mounted on agar pads, involving several handling steps that are manual, serial, and nonquantitative in nature.
To address these issues, Chung et al. Two microfluidic approaches to immobilize single worms using: (a) a cooling liquid to lower the worm's temperature to 48C [18 ] and (b) a pressurized membrane to mechanically restrict the worm's movement [31 ] . Both approaches incorporate a two-layer PDMS microfluidic architecture.
high-resolution imaging of thousands of worms; when worms of mutant phenotypes are detected, sorting can take place (Figure 2a) . The microfluidic approach is compatible with any microscope setup, provides high-resolution images showing cellular and subcellular structures, for example axons, dendrites, and synapses (Figure 2b,c) . These devices are fully automated, resulting in the ability to screen through thousands of worms reliably. Chung et al. [18 ] uses on-chip local cooling to immobilize worms. This is enabled by the small thermal mass of the device; in other words, the channel containing the worm suspension can warm up and cool down extremely fast (<0.1 s) such that the time the worms experience 48C is only 2 s, the time required to complete the image acquisition. Crane et al. also demonstrated the first genetic screens with EMS-mutagenized worm population using microfluidic chips [19] . In these and other examples, the ability to integrate valves, flow regulators, and geometrical features for multistep manipulation of worms enables complex sorting schemes to take place with organisms like C. elegans that are nonspherical and can move. Moreover, worms of all sizes from larvae to adults can be manipulated on-chip for microscopy, as the various microfluidic features can be easily modified to accommodate the appropriate animal body size.
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Microfluidics for neural functional imaging
Microfluidic chips that can be used to manipulate individual worms and accurately control locally their microenvironment have greatly benefited the study of the worm's nervous system. Various 'imaging' chips, combined with the recently developed calcium-sensitive fluorescent indicators [20] have enabled optical monitoring of neuronal activity from intact worms, in an effort to understand how neuronal circuits generate behavior at the single neuron level.
The typical calcium imaging experiment is based on the so-called 'glued worm preparation' procedure [21] . That procedure requires the immobilization of single worms by ice-freezing and gluing them on an agar pad. A chemical [22] , thermal [23] , or mechanical [21] stimulus is subsequently delivered to the worm body to trigger a neuronal response while optical recording takes place. Concerns arise on the toxicity of the glue and the effect of the temperature shock to the functionality of the nervous system. Moreover, the delivery of the stimulus cannot be accurately spatiotemporally controlled, while the stimulus-evoked behavior cannot be analyzed. Combined imaging/behavior setups for tracking free-moving worms have also been developed [24] , but their use for imaging single neurons is limited by the low magnification-low numerical aperture microscope objective used, resulting in weak fluorescent signal.
To overcome these problems, Chronis et al. [25 ] recently demonstrated that it is possible to replace the glue approach by microfludic technology. 'Imagingbehavior' chips were used to generate behavior patterns that can be further analyzed and correlated with calcium imaging data, while 'trap and stimulate' microfluidic chips [26] were developed to immobilize single worms and accurately deliver a chemical stimulus. These devices are made out of a single or double PDMS layers that are bonded to a glass coverslip to obtain a tight seal. The PDMS layer is microfabricated using standard single-layer or multi-layer soft lithographic processes [27] .
Imaging-behavior chips consist of a worm microtrap that permits lateral body movement in a predefined 2D microfluidic geometry. The worm is slightly compressed in the vertical direction and thus not allowed to escape the field of view. That is achieved by fabricating a microtrap with a thickness slightly smaller than the diameter of the worm (typically a 35-40 mm in diameter young adult fits into a 28-mm-thick microtrap). Imaging/behavior chips are powerful tools for correlating behavior output with neuronal activity through calcium imaging. It has been recently shown that the AVA interneuron is active only during backward locomotion, an indication that AVA is key player in initiating reversals [25 ] .
As mentioned above, sinusoidal-shape worm microtraps of larger thickness, termed 'artificial dirt', have also been proposed to generate an crawl-like behavior [11] . These devices can potentially be used to monitor interneuronal and motorneuronal activity of free-moving nematodes, but maintaining the worm in the field of view can be a challenging task.
'Trap and stimulate' microfluidic chips incorporate a modified version of the worm microtrap described above and a microfluidic stimulus delivery system. The shape of the microtrap is designed to match the size of the head or tail of the worm (where most sensory neurons and interneurons are located) to minimize their lateral movement. The worm microtrap is further integrated with a four-flow microfluidic network [25 ] or a thin gas-permeable membrane with a two-layer architecture [28] to deliver a liquid or a gas stimulus, respectively. These 'trap and stimulate' devices have greatly facilitated the study of neuronal circuits. The four-flow design was used to record stimulus-evoked responses from chemosensory sensory neurons and interneurons, revealing the role of each neuron in the worm olfactory circuit [26] . In a similar set of experiments, a novel property of the ASH polymodal neuron was observed: ASH responded to the removal of a hyperosmolarity shock, a property not previously described with the glue approach indicating the combined benefit of microfluidically immobilizing and stimulating the worm. Finally, the thin-membrane chip design was used to identify the molecular basis of rapid O 2 -dependent behavior through calcium imaging of two distinct classes of O 2 -sensitive neurons.
Microfluidics for nerve regeneration studies
Ultrafast laser nanosurgery has emerged as a new neurosurgical tool that is capable of precisely ablating neuronal tissue in living organisms in a minimally invasive fashion [29, 30] . Combining laser nanosurgery in model organisms, such as C. elegans, with microfluidic technology permits the user to control both the environment of the whole organism, either chemical-free or containing specific drugs, and its immobilization -the latter being particularly imperative because of the accuracy requirement of nanosurgery. Moreover, microfluidic devices can be easily automated to bring high-throughput capabilities to drug or gene screenings.
Guo et al. [31 ] recently proposed and demonstrated a novel approach that adopts a two-layer microfluidic configuration for rapid immobilization of C. elegans for precise laser nanosurgery of their axons. Figure 3 shows an illustration of this method and the microfluidic device developed specifically for nerve regeneration studies. The bottom layer against the glass slide houses the worms in liquid and the upper layer contains the pressurized air that controls the mechanical trap. In between these two layers, a thin PDMS membrane exits in the trapping area that is deflected downward, pressing the animal against the glass when pressure is applied in the upper microchannel. That approach made it possible to completely immobilize worms and perform the first in vivo nanoaxotomy and subsequent time-lapse imaging of regrowing axons, in the absence of anesthetics. The precision and accuracy of this mechanical trap was similar to those achieved on agar pads with anesthetics. An additional study utilized a similar two-layer design and showed that their original immobilization technique based on suction [32] was improved greatly, finally providing the precision necessary to perform nanosurgery [33] . On-chip axonal regeneration studies revealed faster regrowth than previously obtained for both touch and motor neurons showing how microfluidic devices can be effective in avoiding the unwanted side effects of anesthetics [31 ] . On the other hand, microfluidic trapping did not have statistically significant effect on the axonal regeneration yield.
Another trapping approach utilizes single-layer geometry where worms are squeezed in tapering down channels in a microfluidic maze structure [34] . This approach allows for precise immobilization of a large number of worms in parallel. It has been shown that the worms can be recovered after being trapped for a short period of time without any effect on viability. Such approach was later used to keep the worms immobilized for the ablation of single synapses and for the duration of the follow-up observations up to five hours [35] .
Microfluidic trapping provides many advantages over the conventional immobilization techniques that were formerly used in nerve regeneration studies of C. elegans, such as anesthesia on agar pads or glue, including: first, no chemicals other than the liquid growth medium will interfere with the physiological processes of the worms; second, the worms do not need a recovery period after surgery, permitting immediate behavioral study of the postaxotomy functionality; and third, the sample population is well contained and experiment conditions are easily reproducible since the trap for surgery and the environment for recovery could be on the same chip.
The deflected-membrane trapping approach described above (termed 'compressive immobilization' [36] and 'serial trapping' [37] ) can easily be adapted to immobilize other model organisms and to incorporate other manipulation techniques, such as optical trapping [38] and light Analysis of behavior, nerve regeneration, and neural cell biology in C. elegans Ben-Yakar, Chronis and Lu 565 stimulation [39, 40] . This method can also provide an additional benefit of serial immobilization where model organisms can be trapped and manipulated sequentially, widening the possibilities of high-throughput biological investigations. For example, the incorporation of full automation and the interfacing of the microfluidic device to multiwell plates [41, 32] will greatly facilitate genomewide reverse screening using RNA interference.
Conclusions
Designing appropriate microfluidic systems for studying morphology, development, physiology, behavior, and nerve regeneration of C. elegans has thus far shown clear advantages in some applications as we have summarized here. Perhaps three important lessons can be learned from these examples: understanding the needs and bottlenecks of the biological research is critical for identifying the engineering solution; playing the strengths of microfluidics appropriately based on the biological system of interest is critical for successful applications; lastly, considering each applications separately as the needs are different and hence the tools should be different. As the existing microfluidic systems become popularized and new applications are identified, we believe the utility of these systems will eventually yield invaluable biological data.
